Energy-efficiency and low cost in a short period of time are crucial for competitive and economical production. Robot-based machining systems fulfill these requirements. However the serial linked kinematics bring along low stiffness and poor accuracy, which are dependent on the robot's pose and the feed-direction. Without the knowledge of the complex coherences the deployment of robots for machining can only be coped with by experts. The joint-configuration is chosen empirical, but has never been analyzed systematically in order to maximize productivity. In this paper the results of an experimental analysis for the determination of milling quality at different poses and feed-directions are presented. Occurring oscillations and forces are measured during the milling process. Suiting spots and directions for milling tasks with robots are identified to increase productivity.
INTRODUCTION
The robot industry has grown rapidly in recent years. While an average of 115.000 robots were in use between 2005 and 2008, the number increased to 171.000 units between 2010 and 2014 and further increase is expected [1] . Considering wage and non-wage labor costs, the automation of production is a decisive criterion in order to remain competitive [2] . Due to their high flexibility, industrial robots offer enormous potential. Automotive as well as electrical industry are the driving power behind the use of industrial robots for automation [1] . The decreasing product life cycles with increasing complexity of the parts as well as shorter and shorter development times call for very flexible systems [3] . Industrial robots have been developed primarily for handling or assembly. However the field of tasks has grown over the years, and by now, new processes, including welding and gluing, are also realized. Currently, many research projects are running to encourage robotbased machining. The aim is to provide a flexible robotic cell with the possibility of processing pre-and postoperations (measuring, handling, etc.) as well as machining. [4] 1.1 Statement of the problem Handling tasks, for which robots were developed originally, require high positioning repeatability. Furthermore the load at the tool center point (TCP) is known and constant. Therefore the loads' effects can be compensated well by the robot control. But since forces in machining tasks are altering strongly only few industrial robots are used for machining tasks such as cutting, grinding, deburring, milling and polishing. Due to static and dynamic instabilities which occur in consequence of these forces only low machining quality can be achieved. The underlying cause is the serial structure. Resulting problems, such as oscillations or path deviations, are currently not sufficiently compensated to achieve a machining quality that is comparable with machine tools. [5] It is therefore necessary to adjust process parameters to the machine and the material properties. This requires expert knowledge. Nevertheless, the parameters are determined empirically, which constitutes a risk of manufacturing rejects. Thus, the mentioned price advantages are reduced again, since additional time and material have to be spent.
Regardless of latest research results, which are discussed in section 2, the interaction of the machining process and the compliant robot structure is not fully clear yet. But to find measures to encounter the listed problems an in-depth knowledge is decisive. Only on the basis of extensive investigations two complex systems, as industrial robots and the cutting process are constituting, can be understood. Subsequently it is possible to work out control, mechanical or software measures to further motivate the use of industrial robots for machining. For the stated reasons this paper presents experimental investigations to analyze the pose (position and orientation) and feed-direction dependency of industrial robots at milling tasks. In this paper robots are seen complementary to machine tool. Therefore, rough machining with robots is the focus of this paper. So the capacity utilization of machine tools can be exploited for tasks with high requirements regarding accuracy and surface quality. Hence, increasing ablation rates for robotbased machining is the aim. However, this requires knowledge about the pose dependency as well as knowledge about the relationship between the workpiece geometry and the feed-direction.
STATE OF THE ART
In this paper, methods to improve robot machining performance are divided in calibration methods, mechanical adaptions, control approaches and process related adjustments, depicted in Figure 1 . Further subdivision up to concrete naming of representatives are also presented. 
Cell calibration
Cell calibration describes the determination of the actual positions of the cell components, represented by coordinate systems (cs), relative to a defined reference system. According to the IRIS (Improvement of Robot Industrial Standardisation) project, cell calibration includes robot, tool and environment calibration [6] . Robot calibration increases position and path accuracy by adaption of the robot model which is used in the control system. Methods used are dynamic calibration, single-axis calibration, modelbased calibration and numerical calibration, whereas model-based calibration is the most holistic and effective method [5, 7] . Robotic systems are also available with factorycalibration as for instance the HA (High Accuracy) version by KUKA Roboter GmbH or the option BaseWare by ABB Group. The problem of robot calibration can thus be considered solved for conventional articulated robots [5] . Tool calibration is used to determine the tool cs with respect to the flange in position and orientation. For this purpose, a fixed position is approached by a robot from different directions [6] . The XYZ-4-point method, which is provided as standard by most robot controllers, is usually used. After the tool cs is determined, tool-specific data, such as length, can be calculated and saved in the control system. [5] Environment calibration is the determination of the relative position of the robot as well as of all objects involved in a task [6] . In a milling process, this would be the workpieces' position that is measured using a probe. With a sufficient number of measuring points the position and orientation in the room can be determined and thus positioning accuracy can be increased. [5] Calibration methods lead to higher accuracy, but do not improve machining results in general.
Mechanical adaption
Another approach to improve accuracy of robots is to increase stiffness of the mechanical robot structure. This can be achieved, e.g. by using additional links. Thus stiffness is raised and the robot structure is less prone to vibration, but the control becomes more complex and flexibility is reduced.
[8]
Force control
The purpose of force control is to allow a defined force to act at the TCP or to react prematurely to an expected force profile. If the robot impinges on a stiff environment (in this case the workpiece), small deviations from the ideal path already result in high force amplitudes. Due to the inertia of the robot, a reaction and therefore the adaption of path values to this force increase can only be realized with a delay. If the robot reacts with a fast movement to compensate, the robot loses contact with the contour or plunges too deeply into the workpiece. If, on the other hand, the robot reacts too late, very large forces act at the Tool center point (TCP). [9] The two methods of direct and indirect force control can be used to encounter this issue. Direct control methods, where the force value is the commanded variable, include standard force control, feed force control and a combination of both. In contrast to this, the indirect force control tries to follow a commanded behavior when contact with the environment occurs. Indirect methods include passive and active compliance. [9] In passive compliance, a compliant end-effector is used to avoid force peaks. However, this is not suitable for machining tasks [5, 9] . Active compliance allows a force to move the end-effector of the robot to a certain extent. This is again not useful for milling tasks since a high stiffness is required to achieve good machining results. However, both methods can be used e.g. for deburring tasks.
The normal force control allows to compensate for clamping tolerances as well as for geometrical shape tolerances and path errors. In this case the depth of cutting (DOC) serves as the manipulated variable. It is increased until a certain normal force is reached. It is useful to calculate the required cutting force profile beforehand. Otherwise, too much or too little material can be removed. [5] In case of the feed force control, the feed rate serves as manipulated variable. The programmed robot path is not modified but the feed rate. This method cannot compensate for clamping or forming tolerances nor path errors. [5] Since the feed force also varies with a change of the DOC, a combination of both methods is quite complex. One possible approach is the fuzzy force control. [9] This is already used in deburring processes, but not yet for milling [5] .
Position/path control
Position and path control can be subdivided into online and offline control methods. Online means that values are recorded and processed in real time. The reaction of the system is therefore immediately recognizable. In contrast to this, the process is recorded during offline control, and the controller adjusts the program afterwards. The offline method always requires at least one test run for data determination. Direct position control is an online method, where the position of the TCP is detected by measuring systems, e.g. lasers, camera systems or indoor GPS. Based on these measurements, the current robot path is corrected. [5] Relative measurement is applied in machining tasks to determine the distance of the milling spindle to the tool. The path correction can then be accomplished by piezo actuators moving the spindle on a table. [10] The model-based position control is one of the indirect force control methods and can be operated online and offline. Hereby the position change is determined by calculating a stiffness model. An elasto-static model of the robot's compliance behavior is required. The identification of necessary model parameters is typically a challenge. [2, 5] Another approach for accuracy enhancement is the offline path correction. Furthermore, a subdivision into path-based and model-based methods can be made. For model-based methods, the same stiffness models as in the model-based position control can be used. However, here the force is not measured indirectly and fed back to the control system, but the process forces are prognosticated by a material removal simulation. Thus a corrected path is generated. Not only the knowledge about the process forces, but also the knowledge about the exact points in time, when the tool enters and exits, are essential. The appearance of belated robot reactions or overcompensation cannot be excluded [11] . The method of offline path correction requires the production of at least one sample component. Deviations are detected by optical or tactile measurement systems. Based on this data, a corrected processing program is created [11] . Since any change leads to the demand of producing a sample, this method is only worthwhile for large serial production.
Process related adjustment
A high number of variables can be used to manipulate the interplay of robot and milling process. This includes the position of the robot, the milling tools and milling parameters. Spindle speed variation or an irregular distribution of the cutting edges are only two examples to avoid periodic excitation and thus stabilize the process. [12] However, these solutions are always special solutions to a process. Therefore, it is important to find useful general solutions applicable to all industrial robots.
Summary
All listed research is based on knowledge about the interaction of the robotic system with the machining process. All projects known in the state of the art have performed investigations to determine parameters, correlations and dependencies within the scope of their work. A holistic approach to determine the dynamic interaction of the mechanical robot structure with the machining process is not known yet. Especially not within the large workspace of a robot which is one of its most important advantages.
DESIGN OF STUDY
In this work, the influence of the pose on the milling process is examined and the different poses are compared and evaluated.
Robot cell
In this paper a robotic cell ( Figure 2 ) with a KUKA KR 500-3 MT robot (1) on a 3 m linear axis (3) is used. The robot has a payload of 500 kg and is optimized for machining and tooling (MT) as an intermediate gear is added. The rotary table (2) in front of the robot extends the workspace. Thus, an overall number of eight axes can be used to position the tool at machining tasks. This highly redundant kinematics does not only enlarge the robot's workspace, it also increases the number of possible joint configurations to reach the same Cartesian point with identical orientation. A machining spindle (5) with a rated speed of 24.000 rpm and a rated power of 18 kW is integrated. The robot is equipped with an automatic tool changer (4) and the technology package "KUKA.CNC" which allows the robot to be programmed like a machine tool. An industrial vacuum cleaner (6) completes the system to a highly integrated machining cell.
Setup for experimental investigations
Two different milling patterns are used for the investigation of the workspace. Both are milled at nine different joint configurations within the workspace in a plane parallel to the robot's x-axis to analyze pose and feed-direction dependencies. In order to exploit the maximum workspace, the basic configuration of the robot on the linear axis is shifted by -350 mm and the rotary table is rotated so the robot stands straight in front of the component. This basic position can be seen in Figure 3 . An end mill with a diameter of d = 10 mm and four cutting edges is used for the milling tests. The spindle speed of n = 3200 rpm, a feed rate f = 750 mm/min and a plunging feed rate of f = 75 mm/min are selected as milling parameters. The material used for the investigations is duralumin which is a quite high-strength and hard aluminum alloy.
The following chapter gives a brief description of the milling pattern geometries.
Geometry of the milling patterns
As described in chapter 3.2, two different milling patterns are used. The first one includes twelve milling paths and is illustrated in Figure 5 (left). Four ledges with a width of w = 10 mm are placed on the edge of the workpiece. The end mill is in full immersion with a DOC of dc = 3 mm for all four ledges, ±x-direction and ±y-direction. Four wedges are programmed on the outer sides of the workpiece with a DOC at the end of dc = 8 mm. They are also milled in ±x-and ±y-direction but only in half immersion. Furthermore, two inlying wedges with a DOC at the end of dc = 8 mm and the end mill in full immersion are programmed. One is placed in +x-direction and the other in -y-direction. Additionally a square and a circle, each with a DOC of dc = 3 mm, are planned. The second milling pattern is shown in Figure 5 (right) and consists of twelve wedges with the same dimensions as the inlying wedges described for pattern 1. The angle between two wedges is α = 30 ° around the robot's z-axis. With these two patterns, all directions and application scenarios should be mapped as far as possible.
The main aspects of these investigation are:
• path deviation • effective forces • surface quality and • occurring frequencies.
RESULTS

Path deviation (static offset)
[2], [5] and [13] found out that a deviation from the reference contour occurs at the point, where the end mill exits the workpiece. This is explained by the rapid reduction of the cutting force at the end of a path. The drop of the cutting force also results in a decrease of the static offset of the robot. Thus the robot returns to its commanded path, which is defined by the program. [2, 5, 13] Figure 6 shows the results for milling the second pattern. It can be noticed that the mentioned static offset at the end of the path always occurs in the same direction as the spindle rotation direction. But the static offset from the commanded path during the process is in the opposite direction. Furthermore, the magnitude of the deviations vary with the feed-direction. In conclusion, these results prove that the static offset caused by the cutting forces are dependent of the feed-direction. So Figure 6 shows that the static offset from the target contour becomes smaller the more the feed direction is parallel to the robot's y-axis. Figure 6 . Results for milling pattern 2.
The smallest deviations are observed at an angle of 90 ° and 270 °, while the biggest deviations occur at 0 ° and 180 °. The direction of the displacement can be explained by the milling process with full immersion. In this case conventional (up) milling on one half and climb (down) milling on the other half of the end mill is conducted. During conventional milling, the cutter tends to dig into the workpiece, simultaneously, climb milling generates forces that push the TCP away from the workpiece. Both mechanisms push and pull the TCP to the same direction due to the compliance of the robot structure. [2] and [10] ascertained that compliance in the x-direction is up to four times lower than in y-direction. Thus, milling in x-direction (90 ° and 270 °), leads to significantly higher deviations, because the forces act in direction of the y-axis. The reverse coherences can be observed when milling in y-direction. 4.2 Milling with different feed directions at one pose [14] suggests that a change of the feed-direction can stabilize an unstable milling process. Therefore a workpiece with pattern 1 was milled in two configurations. The robot was positioned on the linear axis as shown in Figure 3 . In the first configuration the workpiece has been aligned to the robot, rotating the rotary table about 30 ° (Figure 3 ). For the second configuration the workpiece has the same orientation as the robot cs. Figure 7 shows the results for milling wedge 1-4 in both configurations. For configuration 1 only small oscillations can be noticed. Resonant vibration occurred at wedge 1, 2, and 4 in configuration 2. In Figure 7 red and blue circles mark the DOC at which resonant vibration occurred. The rotation of 30 ° in configuration 2 has a positive influence on the milling process in combination with the robots dynamic behavior. The results for the inlying wedges confirm the positive impact of changing the feed direction from configuration 2 to 1 in Figure 8 . Significantly fewer vibrations and therefore cleaner surfaces can be attained when the feed direction is rotated (above). These results demonstrate that the DOC at which resonant vibration occurs is dependent on the feed-direction. This is because the direction of excitation also changes. It is decisive for milling results whether the excitation direction coincides with a principal direction of the eigenmodes or not. It has been shown that the feed direction has a significant influence on the vibration susceptibility. However, further experiments are required to make systematical statements about these coherences.
Pose dependency
The investigation of the pose dependency is conducted by evaluating the results for wedge 1-4 at different poses. Excited modes of the robot structure differ from pose to pose as well as with the feed-direction. The acceleration signals are used in Figure 10 to assign eigenmodes and eigenfrequencies to the processes based on the analysis of the dynamic robot behavior in [15] . Poses with the TCP near to the robot's base are less prone to resonant vibration than poses with large distance between the TCP and the robot's base. The robot's stiffness in y-and z-direction are increasing near the robot. The eigenmodes also have dominant vibration directions in y-and z-direction [15] . Figure 10 . Milled wedges and frequency spectrum. Figure 11 shows that if the stiffness against the main oscillation direction of the eigenmode is bigger (pose 6), the resonant vibration occurs at higher DOC. Thus, the intensity of the oscillation is also smaller. Figure 11 shows the side and top view of the wedge 1 in two poses, pose 4 is far from the robot base and pose 6 is close to the robot base. Figure 11 . Milling results near (pose 6 -bottom) and far away (pose 4 -above) from the robot's base.
As already mentioned in pose 4 resonant vibration occurs intensively, here the TCP is even drawn into material, which can be seen in the side view as well as in the top view. Figure 12 shows that besides the distance of the TCP to the robot base, the height at which the workpiece is positioned does also have a significant influence on the occurrence of resonant vibrations. The force signal while milling wedge 4 is shown on the left and the corresponding spectrum on the right for the poses 2, 5 and 8. Figure 12 . Force signal and spectrum in y-direction for wedge 4 in different heights.
Pose 2 and 8 reveal a strong tendency to resonant vibration. In pose 5 only minimal oscillation can be detected. In pose 5, which shows least vibrations, the only peak in the spectrum can be assigned to the rotating frequency of the spindle.
Evaluation chart
The findings from the previous investigations were evaluated in the categories force, surface/optics and frequencies. The three categories are compared and evaluated (marks 1-4) at each pose and for all milling paths. The most suiting pose is then derived as a combination of the determined force-optimal, surface/optics-optimal and dynamics-optimal pose. Figure 13 shows the evaluation chart for wedge 2 exemplary. This example shows that the force-optimal pose, which is pose 5, does not necessarily lead to a good surface and is not always the overall best pose. In Figure 14 the charts for all three categories and all paths are combined by arithmetic mean, and thus, the overall optimal pose is identified. According to actual results the optimal pose is in the second height und near to the Robot. The feed-direction should be in y-direction. Figure 14 . Overall evaluation chart.
CONCLUSIONS AND FUTURE OUTLOOK
The low stiffness of the robot structure causes tremendous problems during the machining process, resulting in resonant vibration and, consequently, a poor quality of the workpiece surface and path accuracy. Many approaches aim stabilizing the process deploying additional sensors, control technologies or additional actuators. Although, the pose and feed-direction dependency of robots in machining tasks have already been identified in various works, systematic investigations were lacking. In this work, the influence on the milling result at various poses in the workspace was investigated experimentally.
The goal was to increase the quality and further the ablation rate by using a cost-effective alternative to additional sensor and control technologies. The results provide insights about directional dependencies and pose dependencies at nine different positions within the robot's workspace using two milling patterns. It was figured out that milling in y-direction should be preferred to milling in x-direction. Another effect that has been noted is that milling in +x-direction leads to higher ablation rates than milling in -x-direction, respectively milling in -ydirection should be preferred to milling in +y-direction. Furthermore the assumption that a change of the feed direction by 30 ° evokes less critical excitation was proved.
Another finding is that milling should always be carried out in full immersion. Pose dependency was proved by milling the same patterns at different x-and z-coordinates. However, process parameters have not been changed. So further investigations regarding changes of process parameters are necessary. Pose 9 was identified as the best pose for optics and surface, pose 8 constitutes the optimal pose in terms of force, pose 6 was identified as the frequency optimal and overall optimal pose. The ideal orientation of the milling paths in respect to the robot should also be investigated more thorough. Lastly, it is planned to investigate the achievable ablation rates for identical milling patterns with different axis configurations by exploiting the redundant kinematics of the presented robot. If all these points are examined, the best possible pairing of position, speed, feed speed and axis configuration can be determined a priori. Applying a control system, the program can be automatically generated and adapted, providing the optimum parameters for any milling pattern.
As a result, milling with industrial robots could become significantly more important in practice.
